Background and objectives Double-chamber peritoneal dialysis fluids exert less toxicity by their neutral pH and reduced glucose degradation product content. The role of the buffer compound (lactate and bicarbonate) has not been defined in humans.
Introduction
Multichamber peritoneal dialysis (PD) solutions store the glucose separate from the buffer at a very low pH, thereby reducing the formation of glucose degradation products (GDPs) during heat sterilization and storage. The buffer agent can be lactate, bicarbonate, or a mixture of both. The final fluid instilled after mixing is buffered at a neutral pH in contrast to the acidic milieu of conventional solutions. Numerous in vitro and animal studies showed superior biocompatibility of multichamber PD solutions (1) (2) (3) (4) (5) . Recent randomized controlled trials suggest improved preservation of residual renal function (6, 7) and ultrafiltration capacity (8) and lowering of systemic concentrations of advanced glycation end products (9, 10) , which contribute to accelerated vasculopathy and amyloidosis. Registry findings suggest an improved patient survival with low-GDP fluids (11, 12) .
While the toxicity of GDP has been investigated in detail (13) , the clinical impact of the buffer compound is as yet unknown. Lactate, particularly at low pH, has detrimental effects on peritoneal mesothelial and leukocyte function (14, 15) . At neutral pH, lactate still impairs human peritoneal mesothelial cell viability and function, whereas cellular functions are preserved with bicarbonate buffer (16) (17) (18) (19) . Thus, the PD buffer choice may impact on peritoneal membrane morphology and function.
Thus far, clinical trials have been limited to the comparison of conventional, lactate-based, acidic PD solutions with solutions with variably lower concentrations of GDP (20, 21) and varying buffer composition with final pH ranging from 5.5 to 7.4 (22) (23) (24) (25) (26) . A single small trial in adults compared two low-GDP solutions (a pH-neutral, 10 mM bicarbonate, 30 mM lactate solution) with an acidic, 40 mM lactate solution. At 2 weeks, mean daily ultrafiltration was slightly higher with the pH-neutral, bicarbonatecontaining solution (27) . To determine whether bicarbonate or lactate better preserves peritoneal solute and water transport capacity, we now treated children in a randomized prospective trial with dual-chamber PD solutions only differing with respect to the buffer compound and not pH or GDP composition.
Materials and Methods

Patients
The study was performed in eight pediatric dialysis units in Germany (four units), Austria (one unit), Finland (one unit), France (one unit), and Italy (one unit) in full compliance with the Declaration of Helsinki and the current European Union Good Clinical Practice guidelines for clinical trials. The study was registered at ClinicalTrails.gov (NCT01632046). Ethical committee approval for the study protocol was obtained in each center. Written informed consent was obtained from all parents and young adult patients, and assent was obtained from the patients below 18 years of age.
Patients were eligible for the trial if they were 1 month to 21 years of age, received chronic automated PD treatment with an average peritoneal fill volume close to 1100 ml/m 2 body surface area, had no severe chronic pulmonary, cardiac, liver, or malignant disease, had no history of peritonitis within the last 3 weeks, and had no clinical evidence of major peritoneal adhesions. The 2-year recruitment period started in March of 2004.
Of 42 children recruited for the trial, 37 children (15 girls) were available for central randomization with a blocking factor of four at the end of the 2-month run-in period. Five children were excluded before entering the study phase because of renal transplantation (n=2), noncompliance (n=2), and switch to hemodialysis (n=1); 24 children completed the study: 13 children in the lactate group and 11 children in the bicarbonate group. At randomization, median patient age was 12.8 (0.3-21.7) years in the lactate PD fluid (L-PDF; Balance) group and 10.3 (0.2-19.0) years in the bicarbonate content PD fluid (B-PDF; BicaVera) group. The 21.7-year-old patient was retarded, and exclusion from the analysis did not result in different outcome. Mean duration of PD at the time of entering the run-in period was 2.2 (0.1-89.2) and 1.3 (0.2-36.2) months, respectively. Three patients had experienced at least one episode of peritonitis before entering the study. The underlying diseases were renal hypo-/dysplasia (n=10), obstructive uropathy (n=6), focal segmental glomerulosclerosis (n=4), nephronophthisis (n=4), hemolytic uremic syndrome (n=3), nephrotic syndrome (n=2), autosomal recessive polycystic kidney disease (n=2), postasphyxia ESRD (n=2), Alport syndrome (n=1), nephritis (n=1), HenochSchönlein nephritis (n=1), and unknown in (n=1).
Study Design
This investigator-initiated study was performed as an international open prospective randomized multicenter trial with parallel design. Stable dialysis conditions were assured by an 8-week run-in period, during which time the patients were treated with conventional, single-chamber PD fluid, pH 5.5, containing 35 mM lactate (C-PDF; CAPD 1.5%/2.3%/4.2%; Fresenius Medical Care, Bad Homburg, Germany). Oral sodium bicarbonate supplementation was discontinued. Subsequently, the patients were randomized to a 10-month treatment period with either a 35 mM lactatebased double-chamber solution, pH 7. During the study, all patients maintained their previous automated PD prescription, which was adapted according to clinical needs and adequacy targets (28) . The families documented the PD regimen and daily ultrafiltration rates at home; mean weekly ultrafiltration was recorded for analysis. In case of peritonitis, the run-in period was prolonged until 3 weeks after completion of the antibiotic therapy. Oral bicarbonate medication was only given in patients with blood bicarbonate levels below 17 mmol/L, despite sufficient dialysis efficacy. The recommended dosage was 0.5 mmol/kg per day divided into three doses. Every 4 weeks, a physical examination and a laboratory workup, including a capillary blood gas analysis and a bioimpedance measurement at 50 kHz for assessment of hydration status, were performed. Standardized Peritoneal Equilibration Test (PET) using 1100 ml fill volume/m 2 BSA and 2.3% glucose according to standardized pediatric procedural guidelines (29) and dialytic and urine 24-hour clearance studies were obtained at 0, 3, 6, and 10 months. Intraperitoneal pressure was measured at the end of the run-in period with C-PDF and after 3 months of PD with L-PDF and B-PDF. Episodes of peritonitis were diagnosed and treated according to a standardized protocol (30) . In patients with peritonitis episodes in the last month before a PET (one patient in each group), the study period was prolonged, and the PET postponed by 4 weeks.
Laboratory Analysis
Capillary blood pH, pCO 2 , and pO 2 were measured immediately using a blood gas analyzer, and actual bicarbonate concentrations were calculated from the HendersonHasselbach equation. The blood and dialysate concentrations of glucose, creatinine, urea, lactate, electrolytes, albumin, and b 2 -microglobulin and the serum levels of liver enzymes, alkaline phosphatase, total protein, triglyceride, cholesterol, and C-reactive protein were measured at each center using standard analytical methods. Dialysate creatinine measurements were corrected for the presence of glucose as described previously (29) .
Statistical Analyses
Unpaired t tests were applied to evaluate baseline characteristics between the two groups, and a Mann-Whitney rank sum test was used in case of non-normal data distribution. In case of binary data, a chi-squared test was used. The primary endpoint was the PET 4-hour dialysis to plasma ratio creatinine. Two-way repeated-measures ANOVA was applied for time-and treatment-related effects using the SAS software (SAS, Cary, NC). Results were reported using adjusted P values according to Huynh-Feldt to take different variance structures into account. Longitudinal data modeling using the MIXED procedure applying unstructured covariance matrices for correlation between time points was performed for sensitivity analysis. With this complementary approach, information from patients with partially missing data over time points could be taken into account. Changes over time in clinical, dialytic, and biochemical parameters measured at four weekly and three to four monthly intervals, respectively, were analyzed using the ANOVA approach, and P values were interpreted descriptively. Stepwise linear regression analysis was used to identify independent predictors of the change in the lactate and bicarbonate treatment groups. Data are given as mean 6 SD if not indicated otherwise.
Results
Baseline Findings
The biochemical profile and PD treatment modalities were comparable in both patient groups at randomization (Table 1) . Likewise, 2-and 4-hour small-, middle-, and large-molecule transport kinetics, 4-hour clearance rates, and ultrafiltration did not differ at baseline (Table 2 ).
Biochemistry and Dialysis Prescription during the Study
There was neither consistent change in serum electrolytes, urea, phosphate, albumin, and b 2 -microglobulin from baseline with single-chamber solution to the subsequent treatment periods with low-GDP PD nor was there any change over time within or between the two treatment groups. Serum creatinine increased from 7.160.9 to 8.761.0 mg/dl in the L-PDF group and from 6.660.6 to 9.260.7 mg/dl in the B-PDF group (P=0.93 for group, P,0.001 for time, P=0.85 for interaction).
Dialytic glucose exposure increased from 113646 to 126650 g/m 2 per day in the L-PDF group and from 100626 to 116628 g/m 2 per day in the B-PDF group (P=0.25 for group, P,0.001 for time, P=0.27 for interaction), whereas the number of cycles remained constant. Likewise, there were no statistically significant differences regarding total daily dwell time (7.861.7 and 7.861.3 hours at visit 0 and 7.060.7 and 8.061.1 hours at visit 10) and dwell volume (10076131 and 9936164 ml/m 2 at visit 0 and 10366166 and 10076157 ml/m 2 at visit 10 with L-PDF and B-PDF, respectively).
Residual renal function declined during the study. Baseline renal clearance of creatinine was 5.561.4 and 5.461.3 ml/min per 1.73 m 2 in the L-PDF and B-PDF groups, respectively, and decreased to 2.360.9 and 1.860.8 ml/min per 1.73 m 2 at the end of the study (P=0.68 for group, P=0.006 for time, P=0.50 for interaction). Daily urine output also declined, but it did not differ between the L-PDF and B-PDF groups at any time point.
Acid-Base Status
Capillary blood pH, HCO 3 , and CO 2 remained largely unchanged throughout the study with L-PDF and B-PDF (Figure 1 ). At baseline, oral buffer intake was 0.960.4 mmol/kg per day in four patients with L-PDF and 0.660.2 mmol/kg per day in five patients with B-PDF. After 10 months, oral buffer intake was 0.560.3 mmol/kg per day in two patients in the L-PDF and 0.5 mmol/kg per day in one patient in the B-PDF group.
Peritoneal Solute and Water Transport
PETs were performed at the end of the 2-month runin period with C-PDF and after 3, 6, and 10 months with L-PDF and B-PDF treatment. During the 10-month treatment period, the 4-hour dialysis to plasma ratio of creatinine tended to increase with L-PDF (Table 2) Twenty-four-hour dialytic creatinine and phosphate clearance increased in children treated with L-PDF compared with children treated with B-PDF. Neither age nor time on PD were independent predictors of the outcome of solute transport as determined by the repeated PET.
Glucose resorption and the 4-hour D/D0 glucose ratio remained largely constant in both treatment groups throughout the study (Table 2) . Mean daily ultrafiltration per glucose was similar at baseline, decreased significantly with L-PDF, and tended to increase with B-PDF (Table 2) , resulting in significant treatment-related changes in ultrafiltration capacity over time (P=0.16 for group, P=0.31 for time, P=0.006 for interaction) (Figure 3) . Longitudinal modeling yielded similar results (P=0.35 for group, P=0.18 for time, P,0.001 for interaction). Neither initial ultrafiltration capacity nor the changes over time were correlated with age, the time spent on PD, or glucose exposure as calculated by univariate and multivariate approach. Intraperitoneal pressure was similar at baseline with C-PDF in both groups with 600, 1000, and 1400 ml/m 2 fill volume (10.162.9 versus 8.464.2 cm H 2 O and 1000 ml/m 2 fill volume,) and after 3 months with L-PDF and B-PDF (11.063.1 versus 9.962.0 cm per 1000 ml/m 2 fill volume).
Safety
Of 42 children entering the study, 37 children were randomized to L-PDF or B-PDF; 24 children completed the study: 13 children in the lactate group and 11 children in the bicarbonate group. Seven patients discontinued the study during L-PDF, and six patients discontinued the study during B-PDF treatment. Drop-out reasons were transplantation (n=7, two patients on L-PDF and five patients on B-PDF), switch to hemodialysis (n=4; three patients on L-PDF and one patient on B-PDF treatment), icodextrin use (n=1 on L-PDF), and recurrent hernia (n=1 on B-PDF).
Seven patients developed 11 episodes of peritonitis: four episodes with C-PDF (1/15 treatment months), four episodes with L-PDF, and three episodes with B-PDF (1/35 and 1/37 treatment months, respectively). Two of three patients who developed more than one episode of peritonitis switched to hemodialysis. Exit site and tunnel infections developed in three patients: one patient during C-PDF, one patient during L-PDF, and one patient during B-PDF treatment. Five patients developed hernia: two patients during C-PDF, two patients during L-PDF, and one patient during B-PDF. Dialysate leakage developed in three patients: two patients were on C-PDF and one patient was on B-PDF. BP was in the age-specific normal range; three patients required antihypertensive medications: two patients in the L-PDF group and one patient in the B-PDF group. Bioimpedance measurements at 50 kHz were similar at the start of the study (695687 V with L-PDF and 752698 V with B-PDF) and did not change significantly in either treatment arm.
Discussion
This trial is the first clinical trial comparing two PD solutions differing only with respect to the buffer compound (i.e., lactate and bicarbonate) but not with respect to pH, electrolyte, or GDP composition (20, 21) . Whereas metabolic acidosis was equally well controlled with both PD solutions, better preservation of ultrafiltration capacity was observed with bicarbonate-based PD fluid. Thus, the choice of the buffer may have an impact on long-term peritoneal membrane function.
Peritoneal base fluxes differ substantially when bicarbonate-and lactate-based PD fluids are applied. Large amounts of bicarbonate are lost into the peritoneum, and high amounts of lactate are absorbed with lactate-based PDF. In contrast, with bicarbonate-based PDF, the loss of lactate into the dialysate is negligible. A previous randomized trial in children showed improved correction of metabolic acidosis with a bicarbonate PDF compared with a conventional, lactate-based fluid (24). Improved acid-base status was also observed when a lactate-based, low-GDP fluid was compared with a conventional, lactatebased PDF (6) , suggesting that the GDP content and/ or the pH of the fluid, rather than the buffer type per se, determines acid-base balance. This notion is supported by the present study, with similar long-term control of acidbase status with the lactate-and bicarbonate-based low-GDP, pH-neutral PD fluid.
The observed differences in solute transport and ultrafiltration capacity emerging over time between low-GDP fluids only differing in buffer type are less straightforward to explain. Distinct effects of lactate and bicarbonate on peritoneal cells have been described in vitro. Lactate, particularly combined with a low pH, alters peritoneal mesothelial cell and leukocyte functions (14, 15) . Even when buffered at neutral pH, lactate still impairs human peritoneal mesothelial cell viability, reduces ATP content (16) , suppresses mitochondrial activity (17) , and stimulates release of the angiogenic cytokines vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (18) . These cellular functions remain largely unaltered with bicarbonate. Superfusion of rat peritoneum with L-PDF caused a transient increase in arteriolar flow and capillary recruitment, whereas B-PDF did not affect the hemodynamic parameters (31) . In rats, two time per day intraperitoneal injections of L-PDF over 5 weeks induced more peritoneal neoangiogenesis than B-PDF (19) . These experimental findings suggest mechanisms for the observed differences in ultrafiltration capacity and creatinine and phosphate transport over time with B-PDF and L-PDF in our children. Interestingly, tumors generate considerable amounts of lactate from glycolysis and glutaminolysis, leading to marked induction of angiogenesis through VEGF/VEGFR2 (32) . Lactate enters into endothelial cells through a monocarboxylate transporter, activates an autocrine NF-кB/IL-8 pathway, and drives endothelial cell migration and tube formation (33) . In a variety of human cancers, lactate tissue levels correlate with outcome, with high levels inducing more neoangiogenesis and reflecting a poor prognosis (34) (35) (36) . It is interesting to speculate that, in PD, the repeated exposure of the peritoneum to supraphysiological lactate concentrations might promote local neoangiogenesis and thereby, trigger ultrafiltration failure.
Incubation of peritoneal mesothelial cells with B-PDF increases, whereas L-PDF decreases aquaporin-1 abundance and aquaporin-1-dependent cell migration (37) . Thus, B-PDF may promote the adaptive capacity of the mesothelial cell layer in vivo, this promotion, however, does not yet explain the observed differences in ultrafiltration capacity in our children.
Most of the clinical studies thus far were limited to the comparison of conventional with low-GDP PD fluids and various buffer compositions. Randomized cross-over comparison of L-PDF with C-PDF in 71 adult PD patients showed higher dialysis to plasma ratio creatinine ratios, lower ultrafiltration rates, and higher residual renal urine output with L-PDF; a subgroup analysis in 18 anuric patients, however, did not reconfirm the differences in peritoneal solute and water transport (26) . The work by Raaijmakers et al. (38) showed a higher sodium-free water transport rate with a 25 mM bicarbonate and 10-15 mM lactate containing low-GDP solution compared with a conventional, purely lactate-based PDF. Although the difference in GDP content was assumed to be causative of the observed differences, an independent role of the buffer type and/or fluid pH could not be excluded. In a shortterm cross-over comparison of two low-GDP solutions containing either 40 mM lactate buffered at acidic pH or 10 mM bicarbonate and 30 mM lactate at neutral pH, higher daily ultrafiltration was observed with the latter (27) . A retrospective analysis of a large PD patient cohort suggests improved survival with the use of a low-GDP, pH-neutral, bicarbonate/ lactate-based PDF compared with PDF (12) . Complementing these findings, our study provides the first direct evidence that the buffer type impacts on the long-term evolution of ultrafiltration capacity independent of pH and GDP content. We believe that our study design involving continuous monitoring of daily ultrafiltration over 10 months combined with repeated PET studies as well as the fact that the study was conducted in children, in whom peritoneal transport assessment is much less confounded by preexisting vascular (39) and peritoneal tissue pathology (40) than adult patients, constituted a highly sensitive approach for the detection of PD fluid-related changes in peritoneal membrane transport function. Thus, despite a relatively small number of patients studied, we were able to detect significant timedependent differences of ultrafiltration capacity and small solute transport rates.
Our study has some limitations related to study design and sample size. Because repetitive peritoneal biopsies were not performed, we do not know whether the bufferrelated effects on ultrafiltration capacity were associated with changes in peritoneal morphology, such as differences in capillary density. Likewise, we did not measure effluent surrogate parameters, such as VEGF, and because sodium sieving was not determined in the PET studies, we cannot draw any conclusions regarding a mechanistic role of peritoneal aquaporin-1 function. The study was not controlled for fluid intake. Clinical investigation, bioimpedance analyses, BP measurements, and daily urine output, however, did not indicate any systematic difference in hydration status between groups over time. The peritonitis rate observed during treatment with conventional single-chamber fluid was similar to the incidence observed in a previous pediatric trial (30) and lower during treatment with the biocompatible PD solutions in keeping with observations in some (41, 42) but not all adult patients (11, 12) . However, the number of peritonitis episodes and observation times in this study was too small to draw firm conclusions.
In summary, our prospective comparison of two pHneutral, low-GDP PD fluids shows equally effective control of metabolic acidosis with lactate and bicarbonate buffer. Buffer-dependent changes in peritoneal solute and water transport over time suggest better long-term preservation of peritoneal membrane function with bicarbonate compared with lactate-based low-GDP PD fluid.
